The distribution equilibrium of gallium(III) between n-octylaniline dissolved in toluene and acidic aqueous succinate media has been investigated as a function of the concentration of extractant in the organic phase and concentration of hydrogen ions and gallium(III) ions in the aqueous phase. The stoichiometry of the extracted species was determined on the basis of slope analysis. Gallium(III) is extracted by the anion exchange mechanism as [RNH 3 + Ga(succinate) 2 ] org . The temperature dependence of the extraction equilibria was examined by the temperature variation method. The extraction process is favoured with increasing temperature. It was found that a large number of cations and anions have a high tolerance limit. The selectivity of the extraction is increased by the use of suitable masking agents. The method affords the binary separation of gallium(III) from associated elements and was further extended to the analysis of a synthetic mixture.
INTRODUCTION
Gallium is very widely distributed. The amount of gallium in the earth's crust is 5-15 ppm. It has also been detected in meteorites and the solar atmosphere. 1 Most of the gallium in the lithosphere is in association with aluminium in its minerals. Most of the world's supply of gallium is obtained in the United States as a by-product in the extraction of aluminium and zinc. The uses for gallium have been largely experimental. Its large temperature range in the liquid state has prompted its use in high temperature thermometers and manometers. In an alloy with silver and tin, gallium helps to form a suitable replacement for amalgam in dental fillings. Gallium has received considerable attention as a heat exchange medium for nuclear reactors. Gallium can also be used as the positive electrode in a regenerative battery. Gallium with intermetallic compounds (As, Sb or P) have application as high temperature rectifiers and transistors, solar batteries where the photovoltaic effect can be utilized. 2 Gallium arsenide diodes can be used for multi-channel line-of-sight com-munications. 2 Gallium is also used as an activator in glowing paints. The absorption of 72 Ga by bone leads to its use in the diagnosis of bone cancer.
During recent years, the increasing use of gallium in electronics and other industries has magnified the need for a simple and rapid method for the determination of gallium. Several phosphorous containing compounds have been used for the solvent extraction of gallium(III). These are, for example, di(2-ethylhexyl) phosphoric acid (D2EHPA) [3] [4] [5] [6] tributyl phosphate (TBP) and trioctylamine (TOA). 7, 8 Solvent extraction stripping experiments for gallium(III) have been performed with D2EHPA in kerosene from sulphuric acid solution, but requires multistage extraction, 3, 6 extraction upto 87.9 % only 4 and requires high temperature. 5 The extraction of gallium(III) from aqueous solution containing hydrochloric acid and or lithium chloride by TBP and TOA in benzene have been investigated. 7 Microquantities of gallium(III) from sulphuric acid leaching of secondary sublimates were extracted with TBP from hydrochloric acid solution in presence of macrocomponenets such as Fe, P, K, Na and Al. 8 Oxygen containing extractants, such as 4-ethyl, 1-methyl, 7-octyl, 8-hydroxy quinoline (Kelex 100), [9] [10] [11] triphenyl arsine oxide, 12 isobutylmethyl ketone (MIBK), 13, 14 8-quinolinol and 3,5-dichlorophenol, 15 2,4-pentanedione, 3,5-dichlorophenol 16 have been reported for the extraction of gallium(III). However, these methods suffer from drawbacks, such as long equilibrium time, 9,10 low percentage recovery, 10,11 low extraction limit 13 and use of synergists. 15, 16 High molecular weight amines (HMWA) have emerged as powerful extractants for some metals. Recently, it has been shown that the extractants Adogen 364, 17 tricapryl methyl ammonium chloride (Aliquat-336), [18] [19] [20] Amberlite LA-2, 21,22 tris-(2-hydroxy-3,5-dimethylbenzyl) amine (H 3 tdmba), 23 trioctylmethylammoniumchloride (TOMAC), 24 trioctylamine and TOMAC 25 and the octyltrimethylammonium cation 26 are effective extractants for the extraction of anionic complexes of gallium(III). Adogen 364 undergoes self association during extraction. 17 Addition of a syngergist with Aliquat 336 enhances the extraction. 20 Other extractants reported for extraction of gallium(III) are 3,5-dibromosalicyaldehyde acetohydrazone (DBSAH), 3,5-dibromosalicyaldehyde benzoylhydrazone (DBSBH), 3,5-dibromosalicyaldehyde isomicotinylhydrazone (DBSIH). 27 5-Sulfo-8-quinolinol (H 2 QS) 28 and 2-theonyltrifluoroacetone 29 have been used as extractants for gallium(III) but suffer from long phase separation time 28 and low rate of extraction. 29 Tri-n-octylphosphine oxide, 30 1-(4-ethylphenyl)-3-hydroxy and 1-(4-ethylphenyl)-3-hydroxy-2-methyl-4-pyridone 31 and 2-bromodecanoic acid 32 have also been used.
In contrast to some of these methods, the extraction of gallium(III) with 6 % v/v n-octylaniline in toluene from 0.005 M sodium succinate is rapid and quantitative without any problem of phase separation. The proposed method is free from interferences from many metal ions.
EXPERIMENTAL

Apparatus
An Elico digital spectrophotometer model SL-171 with 1.0 cm quartz cells was used for the absorbance measurements. pH Measurements were carried out using a Elico digital pH meter, model LI-120.
Reagents
Gallium(III) solution. A standard solution of gallium(III) was prepared by dissoving 0.898 g gallium trichloride in 6.0 M hydrochloric acid and diluting to 250 mL with distilled water. The solution was standardized complexometrically. 33 The solution contained 1.42 mg/mL of gallium(III).
Thorium nitrate solution. A standard solution of thorium nitrate (0.01M) was prepared by dissolving 5.881 g thorium nitrate (A.R.) and diluting to 1.0 L with distilled water. The solution was standardised against a standard zinc solution. 34 EDTA. solution. A standard solution of EDTA. (0.01 M) was prepared by dissolving 3.722 g of the disodium salt of EDTA. in 1.0 L of distilled water. The solution was standardised complexometrically. 34 n-Octylaniline solution. n-Octylaniline was prepared by the Pohlandt method 35 and its solution 6 % v/v (0.27 M) was prepared in toluene.
All solutions were prepared from A.R. grade regents. Aqueous solutions were prepared with doubly distilled water.
General extraction procedure for gallium(III)
An aliquot of gallium(III) solution (1.0 mg) was mixed with a sufficient quantity of sodium succinate (0.035 g) to make its concentration 0.005 M in a total volume of 25 mL of the solution. The pH of the solution was adjusted to 4.0 using dilute hydrochloric acid and sodium hydroxide solutions. The solution was then transferred to a 125 mL separating funnel, 10 mL of 6 % v/v n-octylaniline in toluene was added and it was shaken gently for about 1.0 min. The layers were allowed to separate and the aqueous layer was carefully withdrawn. Gallium(III) from the organic phase was stripped with water (2´25 mL). The backextracts were mixed with an excess of EDTA solution (10 mL of 0.001 M) and titrated against 0.001 M thorium nitrate using seven drops of 0.1 % w/v Xylenol Orange as an indicator. The end point was yellow to red to red violet. 33 
RESULTS AND DISCUSSION
Extraction as a function of pH
Gallim(III) was extracted in the pH range 1-10 in the presence of sodium succinate (0.005 M). Quantitative extraction of gallium(III) was observed in the pH range of 3.8-4.2 from 0.005 M sodium succinate media. At higher pH values, there is the possibility of hydrolysis of the ion pair complex. This indirectly promotes competing equilibria with the formation of an ion pair complex, resulting in a decrease in the extraction with increasing pH (Fig. 1) .
Extraction as a function of n-octylaniline concentration
In order to optimize the conditions for extraction of gallium(III), toluene solutions of n-octylaniline of varying concentration (1-10 % v/v) were employed. It was found that 10 mL of 4 % v/v n-octylaniline in toluene was sufficient for the quantitative extraction of galliuim(III) (1.0 mg) from 0.005 M sodium succinate, but in the recommended procedure, 10 mL 6 % v/v n-octylaniline in toluene was used to ensure complete extraction of the metal ions. There was no adverse effect an excess of n-octylaniline (10 % v/v) was used. However, a decrease in the concentration of n-octylaniline resulted in lower destribution ratio (D) values for gallium(III).
Extration as a function of the weak organic acid concentration
The extraction of gallium(III) was carried out a pH 4 with 6 % v/v n-octylaniline in toluene in the presence of varying concentrations of sodium succinate, sodium malonate and sodium salicylate as the weak acid media. The extraction of the ion-pair complex of gallium(III) was found to be quantitative in the concentration range of 0.0040 M to 0.0055 M sodium succinate. With increased concentration of sodium succinate, there was a decrease in the extraction of gallium(III). The decrease in extraction at high acid concentrations is presumably due to the preferential formation of the succinate of the n-octylaniline. Therefore, 0.005 M of sodium succinate was used throughout this work. The extractions of gallium(III) from sodium malonate and sodium salicylate media were incomplete.
Extraction with various diluents
Gallium(III) was extracted with 10 mL of 6 % v/v n-octylaniline in various solvents. The extraction of gallium(III) was quantitative with benzene, toluene and carbon tetrachloride because the ion pair complex has a high distribution ratio value in these solvents, whereas MIBK (5´10 %) amyl alcohol (28.57 %), nitrobenzene (25.0 %) and n-butanol (36.11 %) were found to be poor solvents (Table I) . 
Nature of extracted species
Attempts were made to ascertain the nature of the extracted complex species using log D -log c plots. The graphs of log D [Ga(III) ] against log c [n-octylaniline] at a fixed sodium succinate concentration (0.005 M) were found to be linear, having slopes of 0.94, 0.95 and 1.01 at pH 3.8, 4.3 and 4.5, respectively (Fig. 2) . Also, plots of log D [Ga(III) ] against log c [succinate] at a fixed n-octylaniline concentration (6 % v/v), were linear, with slopes of 1.92, 1.89 and 1.84 at pH 3.8, 4.3 and 4.5, respectively (Fig. 3) . The probable composition of the extracted species was calculated to be 1:2:1 (metal: acid: extractant). The possible mechanism of formation of the extracted species ap-pears to be protonated n-octylaniline, which forms cationic species, such as RNH 3 + , while the succinate combines with gallium(III) to form anionic species, such as Ga(succinate) 2 -, and both of them associate to form ion pairs of the type [RNH 3 + Ga(succinate) 2 -] org , which being neutral constitute extractable species. The mechanism of formation of the ion-pair complex is:
RNH 3
Effect of time of equilibrium The solutions were shaken for varying periods of time, ranging from 10 s to 10 min. The study showed that a minimum of 20 s equilibration time was adequate for the quantitative extraction of gallium(III) from sodium succinate media when the aqueous to organic volume ratio was 2.5:1. As a general procedure, a 1 min equilibration time was recommended in order to ensure the complete extraction of the metal ions. However, prolonged shaking upto 10 min had no adverse effect on the extraction.
Effect of various stripping agents
After extraction into the amino phase, the gallium(III) was stripped with two 10 mL portions of various stripping agents at different concentrations. The percentage recovery of gallium(III) from organic phase was found to be incomplete with hydrochlo- was not stripped with sulphuric acid and sodium nitrate. However, water was a suitable strippant for the quantitative recovery of gallium(III) from the organic phase. In the actual procedure, two 25 mL portions of water were used for the quantitative recovery of gallium(III) ( Table II) . 
Effect of aqueous to organic volume ratio
The result of contacting different volume ratios of aqueous to organic phase was studied. The results indicate that the preferred aqueous/organic (A/O) phase ratio was found to be 5:1 or less. This is evident from the sharp increase of the separation efficiency, as well as of the distribution ratio of gallium(III) when the phase ratio (A/O) was changed from 20:1 to 5:1. This may simply be due to the non-vailability of the reagent for metal extraction and so a crowding effect occurs at low phase ratios. However, in the recommended procedure, the phase ratio is maintained as 2.5:1 so as to avoid a large consumption of sodium succinate (Table III) .
Loading capacity of n-octylaniline
The loading capacity of the extractant was determined by repeated contact of the organic phase with a fresh feed solution of the metal of the same concentration. For 10 mL of a 6 % v/v (0.27 M) solution of n-octylaniline in toluene with a sodium succinate concentration of 0.005 M and a A/O of 2.5:1, the maximum loading capacity for gallium(III) was found to be 10.0 mg at 300 K. 
Effect of temperature
The extraction of gallium(III) with n-octylaniline was carried out in the temperature range of 293 to 323 K. The extraction of gallium(III) increases as the temperature increases as the temperature increases. A plot of log K ex against 1000/T is shown in Fig. 4 . The enthalpy change (DH°) was evaluated from this plot using Eq. (1) DH°= -{slope}´2.303´R
where R = 8.314 kJ mol -1 The free energy change (DG°) and entropy change (DS°) at room temperature (T) (298 K) were calculated using Eqs. (2) and (3), respectively.
DG o = -2.303 RT log K ex (2) where,
The parameters obtained for the solvent extraction of gallium(III) are: The obtained entropy change has a low positive value. In the present study, the preliminary step of the extraction is the protonation of the reagent (n-octylaniline), fol-lowed by ion-pair formation with the anionic complex of gallium(III) as shown in the pair nature of the extracted species. The fact that small +ve DS o value was obtained is due to loss of translational and rotational entropy of the hydrogen cation in aqueous solution when it is attached to the reagent in the organic liquid. The hydrogen cation is extensively hydrated, by at least four water molecules, but after protonation the reagent is not hydrated. Therefore, the release of hydration by the hydrogen cation may increase the entropy sufficiently to offset its loss of translational and rotational freedom, which is shown in the scheme given below.
Effect of various foreign ions on the extraction of gallium(III)
The effect of a large number of foreign ions on the extraction of 1.0 mg of gallium(III) with the proposed reagent was investigated following the recommended procedure. Initially the foreign ion was added to the gallium(III) solution in large excess; 150 mg for anions and 25 mg for cations. When interference was intensive, the tests were repeated with successively smaller amounts of the foreign ion. The tolerance limit was set at the amount of the foreign ion that could be present to give an error less than ± 2 % in the recovery of gallium(III) ( Table IV) . It was observed that the method is free from interference from a large number of cations and anions, however there was a limited extent of tolerance for noble metals and rhenium(VII). 
Separation and determination of gallium(III) from binary mixture
The suitability of the above developed method was examined by applying it to the separation and determination of gallium(III) in a variety of binary mixtures which are commonly associated with it.
It was found that Tl(I), Mg(II), Hg(II), Ni(II), Cu(II), Zn(II), Ge(IV), Pb(II), Cd(II), Sb(III) and Ag(I) remained unextracted under the basic conditions for gallium(III) using 0.005 M sodium succinate with 10 mL 6 % v/v n-octylaniline in toluene. The loaded organic phase was stripped with water (2´25 mL) and determined complexometrically as recommended in the procedure. The raffinate containing the added metal ion was estimated by standard procedures (Table V) . The proposed method was also extended for the separation of gallium(III) from Fe(III) by masking with tartrate (75 mg), In(III) and Sn(IV) by masking with citrate (40 mg) as well as Tl(III) and Al(III) with oxalate (50 mg) and fluoride (75 mg), respectively. The masked metal ion remained in the aqueous phase while the gallium(III) was extracted selectively into the organic phase with n-octylaniline in toluene. It was stripped from the organic phase with water and estimated as per the given procedure. The aqueous phase containing the added metal ion was demasked and, after reduction the volume of the aqueous phase, estimated by a standard procedure.
Sequential separation of gallium(III) and aluminium(III)
The separation of gallium(III) from aluminium(III) was achieved by use of oxalate as a masking agent for aluminium(III) (Separation Scheme I).
An aqueous solution containing a mixture of 1.0 mg/mL of gallium(III) and aluminium(III) in 0.005 M sodium succinate at pH 4.0 was first equilibrated for 1 min with 7 % v/v n-octylaniline in toluene, whereby the aluminium(III) was masked with 75 mg oxalate. It was found that only gallium(III) was extracted into the organic phase, while the aluminium(III) remained unextracted. The extracted gallium(III) from the organic phase was stripped with water (2´25 mL) and estimated complexometrically. 33 The aluminium(III) from the aqueous phase was demasked with concentrated hydrochloric acid, the succinate concentration was maintained at 0.04 M, pH 6.0 and equilibrated with 2 % v/v n-octylaniline in toluene. The aluminium(III) from the organic phase was stripped with 0.1 M EDTA (2´10 mL) and the gallium(III) estimated complexometrically. 33 
Determination of galllium(III) in a synthetic mixture
As real samples were not available, the proposed method was applied for the analysis of gallium(III) in a synthetic mixture.
A solution containing 1.0 mg of gallium(III) was taken and known amounts of other metals were added. The extraction of gallium(III) was carried out using the method developed herein. The results obtained were in good agreement with the (Table VI) . The selectivity of the extraction of gallium(III) can also be achieved by use of a suitable masking agent for the added metal ions. 2) It is free of interference from a large number of foreign ions which are associated with naturally occurring gallium(III). However noble metals and rhenium(VIII) are tolerated only to a limited extent.
3) A low reagent concentration is required for the quantitative recovery of gallium(III).
4) The time required for equilibration is 20 s when the aqueous to organic volume ratio is 5:1 or less. 5) n-Octylaniline in toluene extracts gallium(III) from a sodium succinate media by an anion exchange mechanism in which a complex of stoichiometric formula [RNH 3 + Ga(succinate) 2 -] org is formed in the organic phase. 6) As temperature increases the extraction of gallium(III) also increases. 7) The developed method involves a one stage extraction step. The very short extraction time indicates a high distribution ratio of the ion pair complex, involved in the quantitative recovery of gallium(III) from the aqueous phase. The proposed method is ecofriendly as the extraction is carried out from weak organic acid media (succinate). Gallium(III) occurs in trace amounts along with minerals of aluminium(III), hence the proposed method can be applied for the separation of gallium(III) from aluminium(III). Ispitivana je ravnote`a raspodele galijuma(III) izme|u n-oktilanilina rastvorenog u toluenu i kiselih vodenih sukcinatnih medija u zavisnosti od koncentracije ekstraktanta u organskoj fazi i koncentracije vodoni~nih i galijum(III) jona u vodenoj fazi. Stehiometrija ekstrahovane vrste odre|ena je pomo}u metode analize nagiba. Galijum(III) se ekstrahuje mehanizmom anjonske izmene kao [RNH 3 + Ga(sukcinat) 2 ] org . Temperaturna zavisnost ekstrakcione ravnote`e ispitivana je metodom varijacije temperature. Proces ekstrakcije je favorizovan povi{ewem temperature. Na|eno je da je tolerantna granica za veliki broj katjona i anjona visoka. Selektivnost ekstrakcije pove}ava se kori{}ewem pogodnih maskiraju}ih agenasa. Metoda omogu}ava binarno razdvajawe od galijuma(III) asociranih elemenata i daqe }e se pro{iriti analiza na sinteti~ke sme{e.
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